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Summary: Bed rest studies are used for simulation and study of physiological changes as observed in 
unloading/non-gravity environments. Amongst others, bone mass reduction, similar as occurring due to aging 
osteoporosis, combined with bio-fluids redistribution and muscle atrophy have been observed and analyzed. 
Advanced radiological methods of high resolution such as HR-pQCT (XtremeCT) allow 3D-visualizing in vivo bone 
remodeling processes occurring during absence/reduction of mechanical stimuli (0 to < 1g) as simulated by bed rest. 
Induced bone micro-structure (e.g. trabecular number, cortical thickness, porosity) and density variations can be 
quantified. However, these parameters are average values of each sample and important information regarding bone 
mass distribution and within bone mechanical behaviour is lost. Finite element models with hexa-elements of 
identical size as the HR-pQCT measurements (0.082mm x 0.082mm x 0.082 mm, ca. 7E6 elements/sample) can be 
used for subject specific in vivo stiffness calculation. By this technique can also be quantified if bone microstructural 
changes represent a risk of mechanical bone collapse (fracture). 
Materials and Methods: In the Berlin Bed Rest Study-2, 23 male subjects (20-50 YO) were maintained 60 days 
under restricted bed rest (6° HDT) aiming to test a - for this study specifically designed - vibration resistive exercise 
regime for maintenance of bone mass and muscle functionality at normal levels (base line measurements). For 
comparison a resistive exercise without vibration and a control group were included. Base line HR-pQCT 
measurements (3 days before bed rest: base line), as well as during 30 days bed rest (BR30 and BR59, 3 days of 
recovery (R3), R15, R30, R90, R180, R360, and R720 were performed. CT-scan voxels were converted into finite 
elements (hexa-82µm edge length) for calculating in vivo compressive stiffness during the experiment duration. 
Histograms of stresses and strains distributions as well as anatomical regions susceptible for mechanical failure were 
identified and compared. Results: Resistive vibration exercises (VRE) were able to maintain in the majority of the 
subjects compressive bone strength as determined after modelling a compressive test using finite element models. 
Compressive bone strength using FEA was monitored through analysis of the internal deformation on the trabecular 
structures and cortical bone, reaction forces, and minimum principal strains on the in vivo CT measured bone regions 
during the experiment duration. Stress distributions (main stresses) and von Mises stress distribution remained 
although comparable with those determined in the base line measurements. However, no major differences were 
found in the group with resistive exercise training alone. Without mechanical stimuli a reduction of up to 10% of 
bone compressive stiffness was quantified by using subject specific finite element analysis. Anatomically von Mises 
stress concentrations, thus bone regions susceptible to fail mechanically, were observed at the centre of the 
cancellous bone and at the antero- posterior region of the cortical bone. Conclusions: Finite element simulations from 
bed rest studies are an invaluable tool to determine subject specific in vivo compressive stiffness and anatomical 
mechanically compromised regions under controlled mechanical conditions (unloading) which - until now - are not 
possible to be determined with any other method. Vibration exercise combined with a resistive compressive force 
was able to maintain bone structure and density even during 60 days of bed rest. 
 
I. INTRODUCTION 
Bed rest studies are an established method used as 
space flight analogue to study physiological changes as 
expected under unloading conditions, immobility or in 
non-gravitational environments [1, 2]. Furthermore, 
countermeasures to avoid adverse effects on the normal 
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functionality of living organisms such as physical 
exercises, drug treatments, diet or specially designed 
devices for mechanical load application in which the 
magnitudes and patterns of generated and applied forces 
are similar as measured during physiological activities 
on earth (e.g. running, jumping, etc.) have been tested in 
several bed rest studies. In the Berlin Bed Rest Study 2, 
a long term bed rest study (BR>30 days) with up to two 
years follow-up measurements, the effectiveness of a 
specifically designed vibration resistive exercise as 
training for maintaining bone mass against resistive 
exercise alone compared with a control group was 
determined. Amongst others physiological 
measurements, bone microstructural and density 
changes were monitored in vivo and compared. It was 
expected that without mechanical stimuli bone mass 
will be reduced and that the microstructure will be 
negatively altered. Specifically, a reduction of the 
trabecular number, reduction of cortical thickness, 
increment of cortical porosity and increment of 
trabecular separation were expected to occur, thus 
changes of bone density and bone microstructure such 
as observed due to aging osteoporosis. The questions 
are how much bone mass will be reduced during 
immobility/absence of mechanical stimuli? Which 
regions are primary biomechanically affected and if that 
take place, are these changes reversible? When did these 
changes occur? The employment of non-invasive 
methods such as radiological monitoring of the bone 
microstructure and its density allows to quantify and to 
visualize three-dimensionally bone adaption processes 
in vivo in humans. In our study, the µCT with until now 
worldwide highest existing isometric resolution for in 
vivo measurements in humans was used for allowing 3D 
visualization of changes on the bone microstructure and 
density with and without usage of a countermeasure for 
avoiding i.a. loss of bone mass during unloading 
conditions. The finite element method (FEM) was 
employed for quantifying variations of compressive 
bone stiffness in vivo, which are impossible to be 
measure experimentally. Current technological 
advances in parallel computing has allowed subject 
specific µ-finite element analysis before, during 60 days 
bed rest and after bed rest for a recovery time of up to 
two years. The usage of numerical methods in 
computational mechanics like FEM has the advantage 
not only of allowing estimation of the effect of bone 
quality on compressive bone stiffness under unloading 
conditions (bed rest) but also is able to show the 
changes of strains and stress distribution in time both 
during load application (by using incremental load 
application in several steps) and for the duration of the 
experiment (2 years), furthermore and more important it 
permits 3D visualization of trabeculae that are going to 
be highly stressed as well as and similarly high stress 
concentrations at the cortical bone. Radiological non- 
invasive measurements provide invaluable data about 
bone remodeling processes in vivo. In bed rest studies 
the most used radiological measurements for monitoring 
bone loss includes DXA, pQCT, and MRI. However, 
DXA is not able to provide information about bone 
microstructure, an important issue for estimating 
fracture risk and other radiological methods do not have 
sufficient resolution to allow determination of 
quantifiable microstructural parameters. Up today only 
High Resolution peripheral Computed Tomography 
(HR-pQCT) is able to visualize, thus permitting 
quantification, of bone microstructure and density 
(trabecular network, cortical thickness, cortical porosity, 
cortical density and trabecular density) in vivo in 
humans. In only two bed rest studies in vivo high 
resolution peripheral computed tomography 
measurements (82µm isometric resolution, voxel size: 
0.082mm x 0.082mm x 0.082 mm, also slice thickness 
0.082mm) before, during and after bed rest have been 
done: The Woman International Space Simulation for 
Exploration Study (WISE, Toulouse) and the Berlin Bed 
Rest Study - 2 (BBR-2) [3, 4]. For the first time µfinite 
element analysis from HR-pQCT measurements before, 
during and after 60 days bed rest have been performed 
and will be reported and discussed in this paper. The 
aim of this study was to quantify by using the finite 
element method the effectiveness of vibration resistive 
exercise as countermeasure for avoiding amongst others 
detriment of bone quality caused by unloading 
conditions thus, reducing fracture risk. To test and to 
quantify the effectiveness of vibration exercise as 
countermeasure for avoiding loss of bone mass and 
muscle atrophy is important considering that newly 
performed studies have shown that other training 
exercises used as countermeasure to i.a. avoid loss of 
bone mass and muscle atrophy appears to fail [5]. 
II. MATERIALS AND METHODS 
II.I Experiment Setup 
To confirm the hypothesis that vibration exercise is 
able to preserve bone microstructure and density as 
required for normal functional physiological labels, 
even during immobility, 23 male subjects were 
maintained under restricted bed rest for a period of 60 
days (6° HDT) in a clinical study: the “Berlin Bed Rest 
Study - 2” (BBR-2). The BBR-2 was designed in 
conformity and using key parameters tested in a first 
phase (BBR-1). The BBR-1 found that resistive 
vibration exercise (RVE) training was safe to be used as 
countermeasure for maintaining normal physiological 
functionality [6]. In the BBR-2 an optimization of the 
required frequency ranges and duration of whole body 
vibration for the RVE was analyzed and its 
effectiveness estimated and compared with resistive 
exercise against absence of mechanical stimuli. The 
study design of the BBR-2 has been detailed described7. 
Briefly 23 male subjects 23-50 years old were divided 
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in three groups depending on the training exercise used 
as countermeasure: resistive exercise group (RE), 
vibration resistive exercise (identical to RE) but with 
additional whole body vibration (RVE) and a control 
group (without mechanical stimuli/training) Five 
resistive force exercises were implemented and for the 
RVE group a whole-body vibration with a maximal 
frequency peak of 26Hz from an initial of 16 Hz and an 
amplitude of 3.5-4mm was used. Training was 
performed 3 times a week with duration of ca. 5 
minutes. Standard diet for all subjects was provided. 
Amongst other measurements, radiological in vivo 
measurements used to assist and quantify bone adaption, 
- thus bone remodeling rates, before, during and after 
experiment finalization - were performed including 
High Resolution peripheral (distal tibia and distal 
radius) Quantitative Computed Tomography (HR-
pQCT, XtremeCT, Scanco Medical). 
II.II On the HR-pQCT Measurements 
High Resolution peripheral Quantitative Computed 
Tomography is nowadays the only one CT which 
possesses at that time the highest resolution worldwide 
for in vivo measurements in humans: 0.082 mm 
isometric (XtremeCT I). An isometric resolution is a 
nontrivial usage, this means that the slice thickness or 
distance between the X-Ray projections is likewise 
0.082 mm (XCT-I). Thus in our case, the bone 
microstructure is measured/captured with high accuracy. 
The in vivo human measurements were peripherally 
realized, thus at the distal tibia and distal radius 22.5 
mm and 10 mm from the distal joint plateau 
respectively using the standard manufacturer 
measurement protocol. This standard protocol implies 
that: a) during one scan revolution 110 slices are taken 
simultaneously, thus a bone length of 9.09 mm is CT 
measured b) a constant fixed CT energy of 60 kV and c) 
an increment time of 100 milliseconds were used. The 
measurement time pro scan is 2.7 minutes. The 
projections reconstruction from the raw data for each 
measurement is automatic and takes approx. 5 minutes. 
Measurement evaluations (quantification of 
microstructural and density parameters) were realized 
using the manufacturer software, in which cortical and 
the trabecular bone are segmented and analyzed 
(evaluation). After evaluation the data is summarized in 
a table (database). The density of the cortical and the 
trabecular region is estimated by using a density 
calibration phantom. Similarly the microstructure is 
quantified by using a dedicated structure phantom. 
 
 A  B 
 
 C   D 
 
Fig. 1: A: example of training (RVE, BBR-2, B: HR-pQCT 
(XtremeCT) measurement of distal tibia in vivo, C: 
Topogram (region and follow-up control), D: First slice of 
110 of distal tibial. Cortical with its porosity and 
trabecular bone microstructure are clearly visible.  
In total 15 parameters are calculated after 
measurement evaluations, 5 density parameters and 10 
microstructural parameters. The parameters are given as 
a mean value determined on the tridimensional volume 
obtained after image segmentation (binarization). The 
parameters reflecting bone growth and/or bone 
resorption in vivo are the bone volume to tissue volume 
ratio (BV/TV), the trabecular number (Tb.N), 
Trabecular separation (Tb.Sp) and cortical thickness 
(Ct.Th). The parameters reflecting changes in the bone 
mineral content are the cortical/compact bone density 
(Dcomp) and trabecular density (Dtrab). Additionally 
other parameters at specific bone regions are determined 
from which the most important is the density of the 
trabecular bone calculated at the geometrical center of 
the cancellous/trabecular bone, denoted as Dinn. This 
parameter (Dinn) is calculated in a geometrical “core” at 
the bone center of the scanned region in which high 
remodeling rates are expected to occur. Due to local 
radiation a maximal number of three consecutive 
measurements per subject and visit are allowed in the 
case that a measurement needs to be repeated due to for 
example movement artifacts generated by involuntary 
movements during the measurement time. In the BBR-2 
following HR-pQCT measurements were realized: a 
measurement three days before experiment initiation 
(Base Data Collection, BDC), at the middle of the bed 
rest period (BR30), one day after end of the bed rest 
period (BR59), and at the recovery time 3 days after bed 
rest (R+3) and similarly at R+15, R+30, R+60, R+90, 
R+180, R+360 and R+720. 10 measurements per 
subject were realized for a total of 230 measurements 
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for determining in vivo bone remodeling rates and in 
vivo bone stiffness variations. 
II.III On the Finite Element Models 
In our study each voxel from the HR-pQCT/µCT in 
vivo human measurements was directly converted in a 
hexahedral finite element. The attenuation coefficients 
matrix reflecting the bone mass and bone microstructure 
was 100% conserved, thus without usage of filters or 
any other type of mathematical or geometrical 
manipulation.  
 
 
 
Fig. 2: Boundary conditions modelled at the distal tibia used 
for µFE-models. Basis: fully encastred (all DOF=0). Load 
applied in 4 increments: 1000N. 
 
The total number of µCT voxels (thus the number of 
finite elements) was per model between 5E6 and 7E6 
hexahedral finite elements. Considering that most of the 
HR-pQCT radius bone measurements presented 
movements and in some cases ring artifacts, these 
measurements were excluded for further finite element 
analysis. Movement and ring artifacts result in 
additional voxels altering thus, falsifying the real bone 
microstructure. On the other hand if that occurs 
(artifacts) the measurement can be repeated but as 
mentioned before not more than three tries per subject 
per visit. The finite element mesh representing the bone 
microstructure of the distal tibia of each subject was 
imported in Abaqus for computational compressive test 
simulations. As boundary conditions, an encastred 
surface (6 degrees of freedom: 3 spatial rotations and 3 
spatial displacements = 0) was defined in the most 
proximal slice of the measured distal tibia volume 
region to re-establish static equilibrium. As loading 
condition, a normal compressive force of 1000 Newton 
was applied at the top (more distal slice of the distal 
volume region). Bone mechanical material properties 
for the finite element analysis were taken from the 
literature. Considering that until now the highest µCT 
resolution for the measurements was employed and 
identically used for the FE-mesh bone creation, the 
finite elements were modelled as isotropic. An elastic 
Young’s modulus of 17 GPa and a poisson’s ratio of 0.3 
were used as mechanical properties for the bone finite 
elements [7-9]. The simulated time was 100 
representing 100% of a total time unit. In order to 
monitor the effect of the loading progress on stress and 
strains distributions as well as von mises (history of 
highest stress development on the trabecular and 
cortical bone), incremental times of 25%, 50%, 75%, 
and the total load at 100% time were use to define the 
history of loading. Thus the deformation of the tibia 
bone region measured ct-measured in vivo can be 
determined through the history of loading. These 
percentages were used after explorative interpolation 
analysis of a sample with a high number of finite 
elements which allowed clear visualization of the stress 
and strains distribution in a manageable computational 
time. After modelling and simulation of the load and 
boundary conditions the solver capabilities of Abaqus 
using parallel computing approaches were used for FE 
calculations. A “restart” possibility was allowed in all 
models. This is not a trivial issue, taking into account 
the high number of FE-elements per model (ca. 
7E6/model) and the usage of four time increments for 
load application. In case of an unexpected event that 
could stop on-going calculations this parameter allows 
continuing the FE-calculations at the point of break. 
Thus without the necessity of initiating again the FE-
calculations from step 1 increment one, time one. In this 
form the computational cost is significantly reduced. 
After 3D FE analysis the deformation tensor and other 
field mechanical parameters were determined. From 
these, minimum principal strains, main stresses as well 
as von Mises stress distributions for all measurements 
(230) at each incremental time (25, 50, 75 and 100) 
were selected for comparisons. 
These mechanical parameters used for estimating 
compressive stiffness variations in vivo before, during 
the bed rest period and at the recovery time were written 
in external files for each parameter and each increment 
of load application and depending of the nature of the 
tensor parameter, for each node or each element of the 
finite element model.  
II.IV Parameters Selected to Estimate in vivo Stiffness 
Variations 
From the strain tensor minimum principal strains 
and main stresses were the mechanical parameter 
selected for estimating compressive stiffness variations. 
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Von Mises stress distribution was selected for 
determining bone regions mechanically compromised 
implying fracture risk.  
II.V On the Method Used for Finite Element 
Comparisons and Outputs 
These values (i.a. min. principal strains, main 
stresses, von Mises) were exported in ASCII format as 
data files. An own script was written in Matlab (a 
programming and calculation environment) for 
performing histograms in pre-defined strains and stress 
thresholds. The thresholds defined were [0,1,2,3,4,5, 
>=6]e+03 µε for strains and 
[0,1,2,3,4,5,6,7,8,9,10,12,13,14,15, >=16] e+03 N/mm2 
for stresses. These thresholds has been selected for 
allowing comparison with other studies [10, 11] and 
specifically in the case of the strain range for permitting 
association of strain values with bone biological events 
of the tibia such as defined by frost (Utah physiological 
paradigm) [12, 13] and newly revisions of its implicit 
mechanostat hypothesis [14, 15].  The number of 
elements inside a threshold was determined and 
quantified in percent. From this, histograms of the base 
line and the follow-up measurements were generated 
and compared for all subjects and all measurements (in 
total 230, 23 subjects, 1 base line and 9 follow-up 
measurements). The histograms were overlapped 
together in a diagram and its profiles compared. The 
translational shifting of the histograms curves (e.g. in 
the case of the stress distribution) is given by the 
difference in the stress magnitudes between 
measurements (shift on the X-axis) and represented the 
effect of bone mass changes on the compressive 
stiffness variation. The quantification of these 
histograms differences, together with the visualization 
of the von Mises stress distribution during the history 
loading allowed quantifying with high accuracy if 
changes in the mechanical competence of the bone 
occur. Mechanical competence was evaluated by 
quantifying in vivo compressive stiffness variations as 
an effect of microstructural and density changes caused 
by the training condition under study. The direction of 
the translational displacement between histograms is an 
indicative of the state of the compressive bone stiffness 
and its variation when occurring (as expected for the 
control group). A shift to the left implies that the 
internals stresses for achieving equilibrium are reduced, 
thus an increased bone strength through the gain of bone 
mass occur (increase in the volume in which the 
imposed external load is applied, this (the variation in 
bone microstructure) was correlated with e.g. highest 
BV/TV or trabecular number compared with base line 
measurements) on the other hand, a shift to the right 
implies a reduction on the bone capacity for elastic 
deformation, load transmission and load supporting. 
III. RESULTS 
III.I From the Experimental Setup 
The experimental setup as well as the occurrence 
and management of some unplanned issues has been 
widely discussed and published [6, 16, 17]. Therefore, 
only one relevant aspect concerns to the analysis and 
results presented here can be mentioned: one of the 
subjects from the resistive vibration exercise group was 
not able to complete the training during the bed rest 
period and was switched into the control group. This 
subject was identified and excluded for finite element 
modelling and analysis.  
III.II From the HR-pQCT Measurements (Remodeling 
Rates) 
After each measurement evaluation microstructure 
bone parameters, quantifying the bone mass variation, 
were determined for all subjects in time before, during 
the bed rest (60 days, two measurements) and after the 
experiment 720 days recovery time. The BV/TV (Bone 
volume to Tissue Volume ratio) is determined by binary 
segmentation of the total volume measure related to the 
bone mass contained in the volume. A reduction of 
BV/TV between consecutive measurements implies a 
loss of bone mass, bone resorption thus, osteoclastic 
activities. During the bed rest period a maximal gain of 
bone mass of up to 1.8% for the RVE, 0.2% for the RE 
and not gain of bone mass for the control group, as well 
as a maximal reduction of BV/TV (bone mass) in the 
control group were quantified. At the recovery time 
bone mass continued to be going reduced for the 
majority of the subjects of the RE and CTR group. In 
the RVE only one subject presented reduced bone mass 
in the recovery time. In order to estimate how bone 
mass gain occurs (at the cortical or at the trabecular 
region) cortical thickness and cortical perimeter 
variations were compared with trabecular number 
variations. 
Without stimuli the trabecular number during the bed 
rest period can be reduced up to a maximum of -9.4%. 
In the RE group up to -3.9% and -3.9 % in the RVE 
group (Table 2). The cortical thickness at the end of the 
rest period (maximal values) were changed in -3.3% in 
the CTR group, -3.3% in the RE group and -2.6% in the 
RVE group. However, after HR-pQCT evaluation and 
analysis of the database containing all the 
microstructure and density parameters (15 in total), not 
statistically significant differences during bed rest were 
found. After bed rest significant differences (p<0.05) 
were found at 90 days of recovery (R+90) in following 
microstructure parameters [RVE-BDC, CTRL-RVE, 
RE-RVE]: cortical area, cortical thickness, and 
trabecular area, as well as [CTR-RE]: trabecular number 
and trabecular thickness. Additionally, from the density 
parameters significant differences were found in the 
mean density (D100) [RVE-BDC, CTRL-RVE, RE-
RVE] and in the first 1/3 of the trabecular region 
(Dmeta) [RVE-BDC, RE-RVE]. Similarly, significant 
differences were determined at R+180 in following 
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microstructure parameters: [CTRL-RVE]: cortical area 
cortical perimeter, cortical thickness, and trabecular area 
as well as for the mean density (D100). The maximal 
measured trabecular number reduction @ BR59 was -
9.4% (CTR:0) and the maximal increment was +12.6 % 
(RVE:2) of the values measured before bed rest (BDC).  
Group TbN 
BDC 
1/mm 
TbN 
BR59 
1/mm 
TbN 
BR59 
[%] 
TbN 
R+3 
[%] 
TbN 
R+720 
[%] 
S1E 2 1.6 1.8 12.6 5.5 8.4 
S1Q 2 1.88 1.81 -3.9 -2.5 0.7 
S2F 2 1.9 1.83 -3.6 -2.9 NaN 
S2V 2 2.23 2.35 5.2 -13 -14 
S3C 2 1.79 1.82 1.7 3.1 0.2 
S3G 2 1.81 1.77 -2.3 1.1 -1.2 
S4Z 2 2.08 2.05 -1.7 1 7.1 
S1M 1 2.23 2.26 1.5 -1.2 -1 
S1A 1 2.27 2.28 0.4 0.2 NaN 
S2J 1 2.24 2.19 -2.1 0 0.5 
S2N 1 1.76 1.73 -2 -0.6 2.3 
S3W 1 2.31 2.24 -3.3 1.6 -2.4 
S3K 1 2.18 2.15 -1.2 1.5 1.2 
S4H 1 2.01 1.93 -3.9 3.7 -0.5 
S1I 0 1.45 1.51 4 -0.2 3.1 
S1U 0 2.07 1.98 -4.3 10.6 -2.7 
S2R 0 1.94 1.76 -9.4 -5.9 -5.5 
S2B 0 2.23 2.21 -0.5 0.4 -0.7 
S3S 0 2.18 2.01 -7.8 -2.4 -8.9 
S3O 0 2.26 2.16 -4.5 4.3 -1.4 
S4T 0 2.23 2.15 -3.7 1 NaN 
S4X 0 2.02 2.04 1.2 4.4 -0.8 
Table 1: in vivo trabecular number (Tb.N) after HR-pQCT 
(0.082 mm isometric resolution) at BDC, BR59, R+3 and two 
years recovery R+720. NaN: Not a Number (measure with 
movement artifacts), 2: RVE, 1: RE, and 0: control group. 
Bone mass variations are shown for all subjects in the 
Table 2, fig. 6 and summarized in fig. 7 
III.III From the Finite Element Models 
Minimum principal strains, one of the tensor 
elements after finite element simulations (theory of 
elasticity), reflects in our case maximal bone 
deformation capability. Strain distributions pattern and 
their quantification (magnitudes) after microstructural 
and density variations induced by unloading conditions 
(bed rest) are shown in the Fig. 3. The highest values 
were observed at the center of the trabecular bone after 
total load application (t=1t, bottom fig. 3). 
 
 
 
Fig. 3: Example of strain distribution (minimum principal) 
during load application for the base line (left) compared 
with the BR59 (right) for a subject of the control group. 
FEA with load applied in increments (t=0 (top), t=0.5t 
(center), t=1t (bottom))  
These regions were initially visible at the center of 
the tibial trabecular bone (Fig. 3, center, t=0.5t), being 
expanded into the antero-posterior region of the distal 
tibia (Fig. 3, bottom, t=1t). The same regions appear to 
be affected with and without mechanical stimuli, but the 
size of the regions were considerable highest in the 
control group after comparing BDC with BR59. After 
two years follow up (with exception of 1 CTR and 1 
RVE subject) the 3D patterns for strains and stress 
distributions were comparable with those at the BDC  
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Fig. 4: For the first time, stereoscopic anaglyphs (3D cyan/red, ) of proximal human tibia after in vivo High 
Resolution peripheral Quantitative Computed Tomography (82µm isometric resolution, XtremeCT) before, during and 
after bed rest, in this case from a subject (S1I) of the control group (CTR, without mechanical stimuli/training) were 
performed. Left: base line measurement (BDC) 3 days before experiment initiation and Right: one day before the end of 
the bed rest period (BR59) 
 
   
 
Fig. 5: stereoscopic anaglyphs (3D cyan/red, ) of proximal human tibia from a subject (S1Q) of the 
resistive vibration exercise (RVE) after HR-pQCT in vivo measurements (82µm, XtremeCT) is shown. Left 
@BDC, Right: one day before the end of the bed rest period: BR59) 
 
 
Without countermeasures for avoiding loss of bone 
mass (CTR-group), trabecular bone regions with high 
strain values were considerably increased at the end of 
bed rest (BR59) compared with the base line values. For 
the RVE and the RE groups, regions with high strain 
values measured at the base line remained almost 
unchanged in most of the cases. Looking at the cortical 
bone, it showed highest variations at the last load 
increment mainly in regions in which high porosity was 
visualized (Fig. 3, t=1t bottom). Quantitatively a 
maximal increment in strains picks of 7% were found in 
the control group after comparing BDC with BR59. 
 
 
 
 
 
Subject 
 
ID 
 
BDC 
BV/TV 
(mm3/mm3) 
BR30 
(%) 
 
BR59 
(%) 
 
R+3 
(%) 
 
R+180 
(%) 
 
R+360 
(%) 
 
R+720 
(%) 
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S1E 2 0.251 0.3 0.3 -0.3 -0.7 -0.6 -0.7 
S1Q 2 0.199 -0.1 1.7 0.2 2.9 3.2 3.9 
S2F 2 0.2 0 0.4 0.4 5 2.9 NaN 
S2V 2 0.151 0 -0.3 -1.4 -0.5 -0.4 -1.6 
S3C 2 0.215 0.7 0 -0.8 1.2 1.3 0.5 
S3G 2 0.208 -3.2 -3.1 -5.1 -4.8 -4.9 -5.7 
S4Z 2 0.168 0.8 1.8 1.2 0.6 0.4 0.6 
S1M 1 0.149 0.2 0.2 0.3 0.7 0.4 0.9 
S1A 1 0.148 0.6 -0.1 -1.1 NaN NaN NaN 
S2J 1 0.158 -0.9 -0.9 -0.9 0.2 0.3 -0.5 
S2N 1 0.209 -0.3 -1.5 -1.1 -2.35 -3.5 -4.8 
S3W 1 0.138 -0.3 -0.3 -0.2 -0.3 -0.6 0 
S3K 1 0.149 0 -0.5 -1 1 0.6 0.2 
S4H 1 0.183 -0.2 -1.5 -2.3 -1.9 -1.2 -2.3 
S1I 0 0.293 0.9 -1.2 -0.2 -0.8 -1.8 -3.4 
S1U 0 0.173 0.5 -0.4 0.7 -2 -4.6 -5.8 
S2R 0 0.194 -0.2 -0.6 -0.8 1.9 1.8 1.5 
S2B 0 0.144 0.1 -1.2 -1.6 -0.1 -3.1 -6.9 
S3S 0 0.156 0.1 -1.9 -0.8 -1 -1.2 -2.6 
S3O 0 0.144 0.1 -0.2 -0.4 -0.3 -0.1 -1.3 
S4T 0 0.145 -0.2 -0.7 -0.5 NaN NaN NaN 
S4X 0 0.175 -1.2 -0.1 -0.5 -1.6 0.4 -0.6 
Table 2: Bone Volume to Tissue Volume ratio (BV/TV). BDC values and their variations (%) are shown at bed rest 30 and 
BR59 and recovery: R3, R180, R360, R720. NaN: Not a Number (measurements with movement artifacts) 
 
Fig. 6: Subject specific BV/TV before, during and after bed rest. Variations are given in percent related to BDC. 
Green: subjects from the control group (CTR), blue: resistive exercise group (RE), and red: resistive vibration 
exercise group (RVE) 
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Fig. 7: BV/TV means values for the control group (green), RE (blue) and RVE (red). RVE appears to increase 
bone mass. No significant differences (p<0.005) have been found. The magenta line indicates the end of bed rest.  
 
Observing reaction force distributions (Fig. 8) the 
effectiveness of RVE as training was confirmed. 
Exemplarily in this figure the reaction forces and its 
magnitudes are shown at the top for a subject of the 
RVE group (left: BDC, right: BR59) compared with 
those calculated for a subject of the control group. It 
was clearly observed that the regions in which the 
maximal reaction forces are acting remains unchanged 
for the RVE subject on the other hand, without training 
these forces (red regions) are not only increased but 
redistributed been displaced (red regions) at the cortical 
bone at the end of the bed rest (right) compared with the 
base line measurement (left) shown at the bottom of the 
figure eight. This behaviour was comparable for all 
groups. 
 
Fig. 8: Reaction force at BR59, (right) compared 
with the base line for a subject of VRE group (top) vs. 
CTR. The reaction force is increased and redistributed 
mainly at the cortical region without mechanical stimuli
 
 
Fig. 9 von Mises stress distribution of distal tibia for a 
subject of the control group( red ≥ 25MPa) after 
simulated compressive force of 1000 N for a subject of 
the control group using HR-pQCT measurements (voxel 
size = element size = 0.082mm). Left@BDC/BL, 
Center@BR59 and Right after 1 year 
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Fig. 10: Stiffness variation in time (N/mm2) vs % 
elements in the stress threshold for a subject of the 
control group (Top), RE (center), and RVE 
(bottom) at: base line (blue), BR59 (red), recovery 
3 (green), and r360 (violet). 
 
Von Mises stress zones with high values were 
observed at the center and at the anterior-posterior 
cortical region and were increased in all subjects of 
the control group after comparing base line with 
BR59. This behaviour (3D pattern distribution) was 
maintained at each load increment. In the RVE and 
the RE group minor changes were observed between 
follow-up measurements in the von Mises stress 
distribution, suggesting that the training used as 
countermeasure were able to maintain bone 
microstructure as measured at the base line even 
during unloading conditions (bed rest). RVE was 
better (minor % of elements in high von Mises 
thresholds) as RE but not as high as expected. The 
fact that major number of elements with high stress 
magnitudes were localized at the trabecular bone 
correlates with Tb.N variations determined from the 
HR-pQCT measurements evaluation in which Tb.N 
mean values @ bdc were: CTR: 2.0475, RE: 2.14, 
RVE: 1.89 compared with BR59, in which following 
mean values were calculated: CTR: -3.1%, RE : -1.51 
and RVE: +1.14%. In the figure 10 is shown as an 
example the histograms for a subject of each group in 
which the maximal differences were found. The peak 
in the histogram (Fig.10) at the top in red (BR59) 
indicates that without countermeasure a fracture risk 
of maximal ca. 10% is expected. On the other hand, 
both RE and RVE were able to avoid mechanical 
failure of the bone (fracture risk).  
 
IV. CONCLUSION 
IV.I On the HR-pQCT Measurements (in vivo 
Remodeling Rate of Microstructure and Density 
Measurements 
Bed rest studies are a valuable model for 
analysing physiological changes induced by 
controlled reduced mechanical stimuli. Specifically, 
reduction of bone mass, trabecular number and 
thickness were quantified. 
In unloading conditions, a maximal reduction of -
9.4% in trabecular number without training and a 
maximal gain in bone mass 1.8% can be expected by 
using RVE as countermeasure. RVE was able not 
only to maintain Tb.N as measured in normal 
conditions (BDC) but to increase it up to a maximum 
of 12.6%. However, averages were +1.14(RVE), -
1.5% (RE) and -3.9% (CTR), indicating that a high 
subject inter-variability exists. This was corroborated 
after analysing BV/TV data. 
HR-pQCT is the best radiological technique 
(highest resolution available worldwide) for 
monitoring bone µ-structure and density in vivo. 
Thus, allowing quantification of bone quality and 
fracture risk.  
For estimation of bone rates using HR-pQCT a 
minimum common region of 85% is required. 
Stereoscopic visualisation of the bone structures and 
dynamics in vivo, allows a better understanding of 
how the processes occur stepwise (Fig. 4, 5). 
 
IV.II On the µFinite Element Model Findings 
Bone computational biomechanical simulations 
using the finite element method are appropriated for 
quantifying subject specific bone compressive 
strength variations after bone microstructure variation 
and its implicit fracture risk. Thus, before its 
occurrence FE is able to predict if the bone quality of 
a subject has reached a critical stage before it is going 
   2e3     4e3    6e3              10e3          14e3       N/mm2  
   2e3     4e3    6e3              10e3          14e3        N/mm2 
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to fail mechanically, preventing damage. This is 
important considering that as well known bone 
resorption rates appear to be higher as bone formation 
rates (even in 1g environments). Thus bone 
microstructure and density changes will be better 
measurable in control groups even during not long 
bed rest studies but the effect on bone mass for the 
training conditions (expected bone formation for 
maintaining bone mass balance thus avoiding bone 
resorption) are slower, suggesting that maybe to 
estimate effectiveness of an specific training or 
another countermeasure on bone will require a period 
of experimentation at least 60 days preferable larger. 
Mechanical stimuli are sense by the osteocytes (95% 
of the bone cells), thus micro finite element analysis 
of the bone response after using countermeasures 
(mechanical stimuli) amongst others against loss of 
bone mass, in which the FE-mesh have been created 
from in vivo high resolution µCT measurements 
(82µm isometric resolution) is a key factor in order to 
predict fracture risk with high accuracy. For that, the 
µfinite elements need to be created using the same 
resolution as the CT-scan. This is of vital importance 
for bed rest studies considering that most of the study 
durations (LTBR) are between 60 or 90 days, in this 
time even that bone remodeling can be monitored the 
changes are (in the case of the BBR-2 up to 9.4% 
(during bed rest). Thus the finite elements should use 
the native CT resolution by using hexahedra elements 
which length is identical to the scan voxel. Otherwise 
changes in the bone geometry could be induced, 
falsifying the outcomes of the numerical results. For 
this reason, we have given a high importance to 
convert the CT-scan voxel directly into finite 
elements. Another advantage of using the finite 
element method for determining in vivo compressive 
stiffness after unloading conditions is that it permits 
the usage of time increments for load application. 
This allows to visualize and most important to 
quantify how much bone quality is really affected and 
in which regions. The microstructure parameters and 
density are a good approach, but these values are 
calculated as a mean value of the bone volume 
measured, it could occur that e.g. two subjects have 
similar or even identical mean bone mass and 
trabecular number, but how it is distributed, how this 
structure transmits loads in vivo are information that 
are going lost. Moreover, questions like is the 
trabecular and cortical structure for a specific subject 
a real fracture risk? The finite element method is a 
numerical method used widely in computational 
mechanics to answer amongst others such kind of 
questions. It allows analysing a “design” for the 
microstructure and bone density distribution, in order 
to find out its maximal force support capability and 
stress distribution (regions in which micro-fissures 
and finally mechanical collapse) will occur. Bed rest 
studies are an excellent environment in which the 
effect off target mechanical conditions can be studied 
in a controlled manner. FEM from in vivo HR-pQT 
measurements use the derived information for 
quantification of bone mechanical quality at 
microstructural level in humans (trabecular network, 
cortical bone) which up to date is not possible to be 
measured experimentally in vivo.   
Von Mises stress concentrations were visualized 
first at the center being extended to the anterior-
posterior tibial region and at cortical bone regions 
presenting high cortical porosity. This fact suggests 
that bone structural detriment is initiated not only in 
the trabecular regions, but inside (middle zone) of the 
cortical bone. Resistive vibration exercise as 
countermeasure training is able to maintain bone 
quality (microstructure and density) even during 60 
days bed rest. RVE appears to reduce negative effects 
on normal functionality of bone regions, which are 
affected in osteoporosis aging (spine, femoral neck) 
as well as muscle atrophy, neuromuscular response 
and cognitive capabilities as has been reported. 
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